A new potential energy surface for ozone is developed. It is based on high level ab initio data and includes an accurate description of the barrier region. Full quantum reactive scattering calculations using a coupled channel approach and hyperspherical coordinates are performed on this surface for various isotopic compositions of ozone. Collision lifetimes are obtained over a wide energy range, which gives the spectrum of rovibrational metastable states ͑scattering resonances͒. This spectrum is discovered to be very nonstatistical. The spectrum of resonances is dense below the isotopic zero-point-energy threshold and sparse above it. This feature is explained by the opening of additional dissociation channels at higher energies. This behavior is a general quantum mechanical effect that should occur in other triatomic molecules.
I. INTRODUCTION
Oxygen has three stable isotopes: 16 O, 17 O, and 18 O. The isotope 16 O is the most abundant in the atmosphere, so that most oxygen molecules (O 2 ) only include 16 O atoms. However, it has been known for more then 20 years now that, as first reported 1 in 1981, stratospheric ozone (O 3 ) shows strange, large enrichments in the heavy isotopes of oxygen relative to the oxygen from which it is formed. These anomalous enrichments were confirmed in 1983 by laboratory studies, 2 and, they were found to be ''mass independent,'' i.e., almost equal for 17 O and 18 O. For recent short reviews, see Thiemens 3 and Mauersberger et al. 4 Nowadays it is understood [3] [4] [5] [6] [7] [8] that the recombination reaction which forms ozone OϩO 2 ϩM⇒O 3 ϩM, ͑1͒
where the third body M can be any atmospheric atom or molecule, is responsible for the anomalous isotope effect in ozone formation. Its rate is unusually sensitive to the isotopic composition of the oxygen atoms involved; i.e., its rates can differ by more then 50% for different isotopic compositions, which is a remarkably large isotope effect! The rates do depend on masses; however, the dependence is very complex, so that no obvious correlation can be derived. It has been accepted by most authors that at low pressure process ͑1͒ is dominated by the energy transfer ͑ET͒ mechanism OϩO 2 ⇒O 3 * ,
͑2͒
O 3 *ϩM⇒O 3 ϩM.
͑3͒
Here O 3 * is a rovibrational metastable state ͑or scattering resonance͒ which lives long enough to be stabilized by the collision with M. Again, any combination of O isotopes can be involved. To calculate the reaction rate via ͑2͒ and ͑3͒ one must know, first, the energies, lifetimes, and rates of formation and dissociation of the metastable (O 3 *) states. Second, one must know the rates of the stabilization step ͑3͒ for different metastable states and isotopic combinations. All these are not yet available.
It has been also recognized, [9] [10] [11] that accurate detailed quantum mechanical calculations for various isotopic substitutions in reactions ͑2͒ and ͑3͒ are needed in order to accurately describe the isotope effects. Calculations of this kind, a͒ Author to whom correspondence should be addressed. Electronic mail: babikov@lanl.gov FIG. 1. One-dimensional cut of the potential energy surface for ozone along the minimum energy path for dissociation/recombination (O 3 ↔O 2 ϩO͒. The horizontal axis gives the distance between the most distant end O atom and the central O atom. For the original cc-pVQZ surface the barrier above the dissociation limit is clearly seen. The barrier of the modified surface, constructed in the present work, is below the dissociation limit and is in good agreement with the data obtained by extrapolation to the infinite basis set limit. See text for details. The correction function along the minimum energy path is shown at the top. It provides the correction ⌬D to the dissociation energy.
especially for a molecule as complex as ozone, require stateof-the-art theory and computations. We have made an important step in this direction: 12 the present paper gives more details of the calculations. In Sec. II we discuss the potential energy surface ͑PES͒. In Sec. III we describe the method used for reactive scattering calculations. Results of these calculations are given and discussed in Sec. IV.
II. POTENTIAL ENERGY SURFACE
In this work we discuss two potential energy surfaces. The first one is the original ab initio PES of Schinke and co-workers 13 ͑hereinafter referred to as ''original''͒. The second surface ͑hereinafter referred to as ''modified''͒ was constructed to address several problems with the original surface. The original PES 13 is the best complete ab initio surface for ozone currently available in the literature. Calculations at the icMRCIϩQ/cc-pVQZ level using a CASSCF͑12,9͒ reference space were performed using the MOLPRO suite of ab initio programs. More then 5000 ab initio points were calculated and a three-dimensional cubic spline was constructed. Spectra for bound states of ozone were calculated using this surface and excellent agreement with experimental data was obtained.
14 Though this original PES is the best that has been available for ozone, it has several problems. First of all, the dissociation energy of ozone (O 3 →O 2 ϩO) on the original surface is D VQZ ϭ1.027 eV, which is about 10% smaller than the experimental value 15 of D EXP ϭ1.132 Ϯ 0.017 eV. An increase of almost 10% in well depth is expected to result in many more high lying bound vibrational states and also increases the density of states near the dissociation limit. Having a correct number of states in this part of the spectrum is important for a describing the stabilization step ͑3͒ in the FIG. 2. Two-dimensional slices of the potential energy surface in hyperspherical coordinates at small values of hyperradius. The fixed value of the hyperradius is given for each frame; two hyperangles are varied. Contours are spaced by 0.2 eV with the highest contour at 1.8 eV above the O 2 ϩO dissociation limit which is taken as energy zero. ͑a͒ ϭ4 a.u., the lowest contour is at Ϫ1.0 eV. The three open minima of O 3 , separated by large energy barriers, are clearly seen. ͑b͒ ϭ4.5 a.u., the lowest contour is at Ϫ0.4 eV. Increasing the hyperradius decreases the barriers between the minima. ͑c͒ ϭ5 a.u., the lowest contour is at 0 eV. Permutation of nuclei in O 3 is now possible. Fig. 2 , but at large values of hyperradius. ͑a͒ ϭ5.5 a.u., the lowest contour is at 0 eV. Formation of the asymptotic channels begins. ͑b͒ ϭ7 a.u., the lowest contour is at 0 eV. Increasing the hyperradius separates the asymptotic channels. ͑c͒ ϭ14 a.u., the lowest contour is at 0.2 eV. Three O 2 ϩO dissociation channels are clearly seen. ozone formation, since stable O 3 molecules are expected to be formed with energies very close to the dissociation limit.
FIG. 3. Same as
The second problem of the original surface is its inaccurate behavior in the barrier region. Ozone is a bent triatomic (r 1 ϭr 2 Ϸ2.4 a.u., ␣Ϸ117°͒; it dissociates by losing one end ͑terminal͒ O atom. The solid line in Fig. 1 shows a one dimensional cut of the original PES along the minimum energy path ͑MEP͒, as one end O atom leaves the molecule. The surface exhibits a small barrier of 47 cm Ϫ1 above the dissociation limit. After the original cc-pVQZ basis set calculations were done, two calculations with cc-pVTZ and ccpV5Z basis sets were performed along the MEP, 16, 17 and extrapolation to the infinite basis set limit were done. 17 The result of the extrapolation to the infinite basis set limit is shown on Fig. 1 as the dotted line, and the reader can see that although the general barrier shape and its location are similar to those of the original PES, the barrier height is quite different: it lies 114 cm Ϫ1 below the dissociation limit! So we conclude that the barrier of the original PES is an artifact. It has a drastic influence on the reaction dynamics at low collision energies, as has been shown by Fleurat-Lessard et al. 17 The positions and lifetimes of low-lying metastable states of ozone are also affected by this artifact, and, as we have shown elsewhere, 12 having the correct spectra of metastable states is crucial for the explanation of the anomalous rates of ozone formation.
To correct these problems we have built an additive analytic correction to the original surface: The one-dimensional correction component P(r) changes smoothly from zero at rЈ to ⌬D at rٞ
Here G(r) is used to slow down the growth of the function P(r) in the smaller r part of the correction interval O. The left frame shows the well region. The right frame shows the asymptotic region. In the well region the surface function energies cover an energy range up to at least 0.55 eV above zero. In the asymptotic region the surface function energies are accurate up to 0.4 eV. These provide a very accurate basis set for the low energy scattering calculations performed in this work. See text for convergence data.
Here rЈϽrЉϽrٞ. The function f (r) is given by:
so that f (r) smoothly changes from Ϫ/2 at rЈ to /2 at r end ͓r end ϭrٞ when f (r) is used in P(r), and r
In this procedure the points rЈ, rЉ, rٞ and the parameter c are adjusted to fit the barrier shape obtained at the infinite basis set level ͑dotted curve in Fig. 1͒ . The values rЈϭ4.5 a.u., rЉϭ5.0 a.u., and rٞϭ8.0 a.u. have been chosen. The value of cϭ5.5 has been chosen for f (r) when it is used in P(r), and cϭ1.5 when f (r) is used in G(r). The switching parameters are set to ␣ϭ0 and ␤ϭ30. The dash-dotted line in Fig. 1 shows a cut of F correction (r 2 ,r 3 ) function along the MEP. The correction is zero near the global minimum ͑2.4 a.u.͒ and starts contributing only at 3.1 a.u., where the energy is already about 75% of the dissociation energy. It increases smoothly and at large distances ͑beyond 7 a.u.͒ it approaches a constant value, giving an energy shift equal to the dissociation energy change. A cut of the modified surface along the MEP is also shown in Fig. 1 as a dashed line and the reader can see that the barrier shape of the modified surface is in very good agreement with data extrapolated to the infinite basis set limit. ͑In Fig. 1 the dashed and dotted curves are almost indistinguishable in the barrier region and in the region of the van der Waals minimum; one can tell them apart only in the attractive region.͒ By the construction of the correction function we have achieved the following goals:
͑1͒ The correction function is global, symmetric to interchange of three atoms, and smooth everywhere in three dimensions, so that the change introduced does not induce any unphysical behavior in the wave functions; ͑2͒ the correction affects only the upper part of the original surface, along the dissociation channels, where the wrong behavior in the barrier region was observed. The lower, most accurate part of the original surface remains unchanged; ͑3͒ the dissociation energy on the modified surface is increased by the correction and now matches the experimental value; O diatomics, as well as the ⌬ZPE energy range, are shown on the right. It is clearly seen that the ⌬ZPE part of the spectrum accommodates many long-lived metastable states, while the upper part of the spectrum is very sparse. ͑4͒ the parameters of the correction function are chosen to fix the shape of the barrier region.
Finally, an isotropic van der Waals tail (ϳC 6 /R 6 , C 6 ϭ30.26 a.u.͒ 18 is smoothly attached to extend the surface from the edge of the original ab initio grid to infinite OϩO 2 separations. Thus our modified PES is a very sophisticated surface and is the best currently available for the ground electronic state of the ozone molecule.
Several two-dimensional slices of the PES are shown in Figs. 2 and 3 as stereographic projections using symmetrized hyperspherical coordinates. 19 The slices correspond to constant values of the hyperradius . At ϭ4.0 a.u. ͓Fig. 2͑a͔͒ one sees three open minima of the ozone molecule, labeled as ''1,'' ''2,'' and ''3;'' they correspond to the three possible permutations of nuclei in the equilibrium ͑bent triatomic͒ configuration of O 3 . It is seen that once the ozone molecule is formed in one of the minima, a large energy is necessary to transfer it to another minimum, i.e., to exchange two atoms in the molecule. An energetically less expensive way of exchanging atoms is to stretch one O-OЈOЉ bond to reach ϳ5.0 a.u. ͓see Fig. 2͑c͔͒ , where one O atom can go around OЈOЉ to reach an OЈOЉ-O configuration, which correlates with another minimum. At ϭ14.0 a.u. ͓Fig. 3͑c͔͒ one can clearly see three possible dissociation channels, labeled as ''A,'' ''B,'' and ''C;'' they correspond to three possible ways to form the O 2 ϩO products. Let us imagine that an OϩOЈOЉ collision starts asymptotically from channel A in Fig. 3͑c͒ . As the reagents approach, the hyperradius decreases ͓Fig. 3͑b͒, to 3͑a͒, to 2͑c͒ and to 2͑b͔͒. In the process of recombination an O atom can approach the OЈOЉ diatomic from either side and form either OOЈOЉ in minimum 1 or OЈOЉO in minimum 2 in Fig. 2͑a͒ , but the ''choice'' is made at ϳ5.0 a.u. ͓see Fig. 2͑c͔͒ . Similarly, the decay of OOЈOЉ from minimum 1 in Fig. 2͑a͒ proceeds through the increase of the hyperradius and gives either OϩOЈOЉ products in channel A or OOЈϩOЉ products in channel B in Fig. 3͑c͒. Figures 2 and  3 clearly demonstrate that the hyperspherical formalism allows us to treat simultaneously and on the same footing, all possible permutations of the nuclei in the process of formation and decay of O 3 * metastable states. 22 Thus, the nuclear wave function must also be antisymmetric, so that the product of electronic and nuclear wave functions is symmetric. To account for these symmetry restrictions a proper projection procedure and a choice of symmetric surface functions are performed as described in detail in Ref. 20 O. The minimum of the lowest surface function energy occurs at ϳ4.05 a.u. and corresponds to the equilibrium configuration of ozone. In the region of the potential well ͑ϳ4 a.u.͒ the lowest surface function energy ͑EϳϪ1.011 eV͒ is converged to 0.0026 cm Ϫ1 and the highest ͑Nϭ190͒ surface function energy (Eϳ1.015 eV͒ is converged to 2.0 cm Ϫ1 . In the asymptotic region ͑ϳ14 a.u.͒ the lowest surface function energy ͑Eϳ0.0908͒ is converged to 0.043 cm Ϫ1 and the energy of surface function Nϭ100 ͑Eϳ0.38 eV͒ is converged to 2.2 cm Ϫ1 . Many adiabatic avoided crossings are seen in the well region ͑3.8 a.u.ϽϽ4.4 a.u.͒. Though it is not easily seen on the scale of Fig. 4 , the energy of the lowest surface function reflects the property of the modified PES barrier: it shows a small barrier at ϳ5.2 a.u., and its top is slightly below the dissociation threshold. In the asymptotic region of Fig. 4 ͑Ͼ14 a.u.͒ the surface function energies are almost horizontal and correlate to the rovibrational states of O 2 diatomics. Diatomic vibrational levels vϭ0, vϭ1, and vϭ2 are clearly seen, as well as the corresponding rotational structure. At energies considered in the present work, only the vϭ0 ground vibrational states of the channel diatomics can be populated.
Propagation of the coupled channel equations is performed using the log-derivative method. 25, 26 Propagation of 190 coupled channel equations for about 1400 values of scattering energy requires four wall clock hours on one 16-processor node of the massively parallel supercomputer ''Seaborg.'' 24 Elements of the S-matrix are initially labeled by arrangement channels. When two equivalent ͑experimen-tally indistinguishable͒ arrangement channels are present in ozone ͑let us say channels b and c͒, then the S-matrix contains several equivalent blocks where S ab ϭS ac ,S bb ϭS cc , etc. The physical S-matrix describes the interference of these terms and is obtained according to the prescription of Zhang and Miller, 27 
When all three arrangement channels are experimentally indistinguishable the channel labeled S-matrix has a form where S ab ϭS ac ϭS bc , S aa ϭS bb ϭS cc , etc. In this case the physical S-matrix ͑for odd rotational states of diatomics͒ is obtained as 27 Sϭ͑S aa ϩ2S ab ͒.
The lifetimes of the metastable states 23 were obtained from the trace of Smith's Q-matrix.
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IV. RESULTS
The structure of ozone is defined by the isotopes involved and their positions in the bent O 3 triatomic. The first system we consider here consists of one 16 interaction potential were zero. Both the acceleration of reactants due to the strong attractive well and the shortened path due to the repulsive potential wall can make the actual collision time significantly shorter and thus lead to a negative background lifetime. Hence, the negative background of the spectrum corresponds to the relatively fast ͑nonresonant͒ OϩO 2 scattering or atom exchange processes, while the sharp spikes ͑scattering resonances͒ correspond to the formation of long-lived metastable O 3 * states.
The energy zero on Fig. 5 corresponds to the bottom of the entrance channel of the PES that describes free OϩO 2 reagents, i.e., to the bottom of the O 2 potential curve. This is schematically depicted on Fig. 6 3 ⌺ g Ϫ , is antisymmetric. Thus, the nuclear wave function must also be antisymmetric so that the product of electronic and nuclear wave functions is symmetric. This fact restricts the quantum mechanical rotational states of 16 9 . A two-dimensional slice of the O 3 * wave function in hyperspherical coordinates. The value of the hyperradius is fixed at ϭ4 a.u. as in Fig. 2͑a͒ . Darker colors correspond to higher probability density. One contour is shown at very small value ͑0.0001͒ to expose regions with a tiny probability density. See the text for discussion. long-lived metastable states, while the higher energy region of the spectrum is very sparse and contains only a few resonance features. Table I gives the positions and lifetimes of all the resonances shown on Fig. 5 . Interpolation using a rational function was performed between calculated energy points in the vicinity of the resonance maximum and the positions and lifetimes of the interpolant maximum are given as the first and the second columns of the table. This procedure for locating the resonance maximum is very accurate. An approximate value of the negative nonresonant background in the region of each resonance is given in the third column. The total relative lifetime ͑value at the maximum minus the background value͒ is given in the last column. One can see that the part of the spectrum below ⌬ZPE accommodates 16 resonances with lifetimes above 100 ps, while the part above ⌬ZPE contains only seven such resonances. Figure 7 shows the same part of the lifetime spectrum for the second isotopic composition ( 16 Fig. 2͑a͔͒ . A twodimensional slice of the wave function at ϭ4 a.u. is shown in Fig. 9 ͓compare with Fig. 2͑a͔͒ . It is clearly seen that most of the probability is located in the 18 Figure 10 shows a three-dimensional view of the important part of this wave function ͑around minimum ''3''͒ in the well region ͑3.74 a.u.ϽϽ5.24 a.u., see Fig. 4͒ Fig. 11 , and the positions and lifetimes of the resonances are given in Table III . One clearly sees that this spectrum contains a sparse part only, similar to those above the ZPE on Figs. 5 and 7. In the energy region EϽ110 K there are only seven resonances with lifetimes above 100 ps.
Finally, we recall that the original PES had a small barrier along the MEP: 47 cm Ϫ1 Ϸ68 K above the dissociation limit ͑see Fig. 1͒ . Although small, this barrier is still twice as high as the narrow ⌬ZPE part of spectrum ͑⌬ZPEϭ29 K for 16 are always open, the spectrum of metastable states is sparse. We suggest that this property of metastable states is very general and should be seen in many other systems, where the interplay between the quantum zero-point-energies in different dissociation channels can produce a situation in which some arrangement channels are open while others are closed at the same scattering energy.
In a recent communication 12 we have demonstrated that this feature of the metastable states shows why there are anomalous isotope effects in the ozone formation rates. Full consideration of this topic will be given in a future publication. 30 
ACKNOWLEDGMENTS
This work was performed under the auspices of the U.S. Department of Energy ͑under contract W-7405-ENG-36͒. 
